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Heavy quarks are initially produced in nuclear collisions and the number is conserved during
the evolution of the system. We establish a sequential coalescence model with charm conservation
and apply it to charmed hadron production at RHIC and LHC energies. The charm conservation
enhances the earlier formed hadrons and reduces the later formed ones, which leads to a Ds/D
0
enhancement and a Λc/D
0 suppression. The mass dependence of the sequential hadron formation
provides us a new tool for studying the quark-gluon plasma hadronization in high energy nuclear
collisions.
PACS numbers: 25.75.-q, 21.65.Qr, 12.39.Pn
There are two sources of parton production in high
energy nuclear collisions, the initial production and
thermal production. Since the charm quark mass mc ∼
1.2 GeV is much larger than the typical temperature
of the fireball formed in nuclear collisions at RHIC and
LHC energies, the thermal charm quark production is
weak and can be safely neglected [1]. Therefore, the
charm quark number Nc is controlled only by the initial
condition and conserved during the evolution of the sys-
tem. Considering that Nc is very small in comparison
with the number of light quarks, the charm conserva-
tion is expected to strongly affect the charmed hadron
production in nuclear collisions [2–4].
The question is how to realize the charm conserva-
tion in the hadronization process of the quark-gluon
plasma in heavy ion collisions. With the expan-
sion of the colliding system, the plasma temperature
drops down continuously and reaches finally the crit-
ical temperature Tc of the deconfinement where light
quark hadronization happens. Since the hadrons con-
taining heavy quarks are with larger binding energy,
they can survive at higher temperature, namely the
heavy quark hadronization happens before the light
quark hadronization. This quark mass dependence
of the hadronization temperature, in other words the
hadron dissociation temperature, can be calculated
with potential models. For instance, the J/ψ disso-
ciation temperature TJ/ψ is much higher than that for
light hadrons [5, 6], and the Υ dissociation temper-
ature TΥ is even higher [7]. The hadronization se-
quence is also supported by the evidence of early multi-
strange hadron freeze-out in high energy nuclear colli-
sions [8]. In the picture of sequential hadronization,
the charm conservation effect on hadron production
becomes clear: the later formed charmed hadrons are
relatively suppressed with respect to the earlier pro-
duced ones. For charm-strange hadron production,
the charm conservation effect will be further amplified
by the strangeness enhancement [9, 10]. Since charm-
strange hadrons like D+s are formed earlier than normal
charmed hadrons like D0, the enhanced Ds production,
due to strangeness enhancement, will naturally lead to
a suppression of D0. As a result, the ratio of Ds/D
0 is
further enhanced. A significant D+s /D
0 enhancement
is recently observed in heavy ion collisions at RHIC [11]
and LHC energies [12].
In this Letter we investigate the effect of charm con-
servation on hadron production in a sequential coales-
cence model. The coalescence mechanism is success-
fully used to describe hadron distributions in heavy ion
collisions, like the quark number scaling law of hadron
collective flow [13], the enhancement of baryon to me-
son ratios [14, 15], and the yield enhancement and el-
liptic flow of charmed hadrons [16–19]. We will first
solve the two-body Dirac equation with lattice simu-
lated quark-antiquark potential to determine the coa-
lescence temperatures for charmed mesons. From the
hydrodynamic equations for the evolution of the fire-
ball, we further obtain the hadron coalescence times.
We then calculate the charmed hadron spectra in the
sequential coalescence model with charm conservation.
The two-body Dirac equation of constrained dynam-
ics was successfully applied to the relativistic descrip-
tion of light meson spectra [20] in vacuum and ex-
tended to hidden [6] and open[21] charmed mesons at
finite temperature. For a general bound state cq¯ with
q = u, d, s, c, the radial motion of the spin singlet u0
and triplet u01, u
±
1 relative to the center of mass is char-
acterized by the coupled equations [20, 21],
(−d2/dr2 + ΦV + ΦD + Φ00)u0 + Φ01u01 = b2u0, (1)
(−d2/dr2 + ΦV + ΦD + Φ10)u01 + Φ11u0 = b2u01,
(−d2/dr2 + ΦV + ΦD + Φ20)u+1 + Φ21u−1 = b2u+1 ,
(−d2/dr2 + ΦV + ΦD + Φ30)u−1 + Φ31u+1 = b2u−1 ,
where b2 as a function of meson and quark masses is
the energy eigenvalue, ΦV is controlled by the central
potential V (r) between c and q¯, ΦD is the relativis-
tic Darwin term, and Φi0 and Φ
i
1 with i = 0, 1, 2, 3 are
governed by the spin, orbital and total angular mo-
menta. The explicit expressions for ΦV , ΦD, Φ
i
0 and
Φi1 are given in Ref. [6, 20]. For a pair of charm quarks
at finite temperature, the free energy Fcc¯ is calculated
by lattice simulation [22] and it can be considered as
the potential Vcc¯ [23]. Taking V (r, T ) = Vcc¯(r, T ),
the quark masses in the Dirac equations (1) are fixed
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2to be mu = md = 0.25 GeV, ms = 0.35 GeV and
mc = 1.31 GeV by fitting the charmed meson masses
in vacuum [20].
By solving the coupled dynamical equations (1) we
obtain the charmed meson binding energy (T ) and
the radial wave function ψ(r, T ) = u(r, T )/r from
which the averaged meson size is calculated 〈r〉(T ) =∫
drr3|ψ(r, T )|2/ ∫ drr2|ψ(r, T )|2. From the definition
of hadron dissociation (Th) = 0, we extract the disso-
ciation temperatures TD+s = 1.2 Tc and TD∗+s ' TD0 '
TD∗0 ' TD∗+ = 1.15 Tc.
The two-body Dirac equations are for charmed
mesons. For charmed baryons like Λc, Σc, Ξc and Ωc, it
becomes difficult to solve the corresponding three-body
Dirac equations [24] and extract the dissociation tem-
peratures. Taking into account the relation Vqq ' Vqq¯/2
between quark-quark and quark-antiquark potentials,
it is clear that the dissociation temperature for charmed
baryons should be lower than that for charmed mesons.
By solving the non-relativistic three-body Schro¨dinger
equation for triply charmed baryon Ωccc, the dissocia-
tion temperature is only slightly above Tc [19]. Since
the effect of charm conservation on hadron production
depends mainly on the sequence of productions, we take
simply the dissociation temperature as Tc for all singly
charmed baryons.
The quark matter created in high energy nuclear col-
lisions is very close to an ideal fluid and its space-time
evolution is controlled by the hydrodynamic equations
∂µT
µν = 0 with Tµν being the energy-momentum ten-
sor of the system. To close the hydrodynamics, we take
the equation of state of the hot medium with a first or-
der phase transition between the ideal quark matter
and hadron gas at Tc = 165 MeV [25]. The initial
condition at time τ0 = 0.6 fm/c [26] is determined by
the colliding energy and nuclear geometry, which leads
to a maximum initial temperature T0 = 320 MeV in
central Au+Au collisions at
√
sNN = 200 GeV [27]
and T0 = 485 MeV in central Pb+Pb collisions at√
sNN = 2.76 TeV [26]. By solving the hydrodynamic
equations, one obtains the local temperature T (x) and
fluid velocity uµ(x). During the evolution of the quark
matter, the temperature continuously drops down due
to the expansion of the system. When the tempera-
ture reaches the dissociation temperature Th for a kind
of charmed hadrons, they are produced via coalescence
mechanism on the hyper surface τh(x) controlled by
the condition T (x, τh) = Th. The time evolution of
the temperature at the center of the fireball in centra
Pb+Pb collisions at LHC energy and the corresponding
coalescence times τD+s , τD0 ' τD∗+s ' τD∗0 ' τD∗+ and
τΛc ' τΣc ' τΞc ' τΩc are shown in Fig.1. It is clear
to see a sequential coalescence for charmed hadrons.
We now take the sequential coalescence mechanism
with charm conservation to calculate the charmed
hadron spectra. The observed momentum distribution
in the final state can be written as [28]
dNh
d2pT dη
= c
∫
pµdσµ
n∏
i=1
d4xid
4pi
(2pi)3
fi(xi, pi)
× Wh(x1, ..., xi, p1, ..., pi), (2)
where the integration is on the coalescence hypersurface
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FIG. 1: The time evolution of the maximum temperature
in central Pb+Pb collisions at
√
sNN = 2.76 TeV. The dots
indicate the coalescence temperature and time for singly
charmed hadrons. τ0 = 0.6 fm/c and Tc = 165 MeV are the
initial time and critical temperature of the quark matter.
σµ(τh,x), the product is over the constituent quarks
with n = 2 for mesons and n = 3 for baryons, and
pµ = (p0,p) with p0 =
√
m2h + p
2 and p = (pT , pz =
p0 sinh η) is the four dimensional hadron momentum.
The hadron coordinate x and momentum p are asso-
ciated with the constituent quark coordinates xi and
momenta pi via a Lorentz transformation [19]. The con-
stant c is the statistical factor to take into account the
inner quantum numbers in forming a colorless hadron,
which is 1/12 for D∗0, D∗+ and D∗+s , 1/18 for Σ
∗
c , 1/36
for D0, D
+
s and Σc, 1/54 for Ξc, Ξ
′
c and Ω
∗0
c , and 1/108
for Λc and Ω
0
c .
Wh in the hadron spectra (2) is the Wigner function
or coalescence probability for n quarks to combine into
a hadron. It is usually parameterized as a Gaussian
distribution and the width is fixed by fitting the data
in heavy ion collisions [28]. In our calculation here,
however, the Wigner function in center of mass frame
for a charmed meson is directly from the wave function
Ψ(z) = ψ(r)Y (Ω) where the radial part ψ(r) is the
solution of the Dirac equations (1),
Wh(z, q) =
∫
d4ye−iqyΨ(z + y/2)Ψ∗(z − y/2). (3)
As for charmed baryons Λc,Σc,Ξc and Ωc, we still take
a Gaussian distribution [3] and the width is related to
the mean radius of the baryon. We take 〈r〉 ≈ 0.9
fm [29] at the coalescence temperature for all singly
charmed baryons.
fi in the spectra (2) are the distribution functions
of the constituent quarks. The light quarks u and
d are thermalized and take equilibrium distribution
fth(xi, pi) = Ni/(e
uµp
µ
i /T + 1) with the degenerate
factor Ni = 6 and local velocity uµ(xi) and temper-
ature T (xi) on the coalescence hyper surface. The
strangeness enhancement, due to the thermal produc-
tion in quark matter via for instance the gluon fusion
process gg → ss¯, was observed in heavy ion collisions
and has long been considered as a signal of the quark
matter formation [10]. Considering that strange quarks
may not reach a full chemical equilibrium at RHIC en-
ergy, their thermal distribution is multiplied by a fu-
gacity factor γs = 0.85 at RHIC and γs = 1 at LHC.
3Initially created charm quarks interact with the hot
medium and loss energy continuously. At the coales-
cence time, fc is in between two limits: the pertur-
bative QCD limit without any energy loss and the
equilibrium limit with full charm quark thermaliza-
tion. From the experiment observation of D meson
elliptic flow [30], the slowly moving charm quarks may
have reached thermalization at the coalescence time.
We take, as a first approximation, a linear combina-
tion of fpp and fth as the charm quark distribution,
fc(xi, pi) = ρc(xi)[αfth(pi) + βfpp(pi)], where both fpp
and fth are normalized distributions and fpp(p) can
be extracted from PYTHIA simulation for p+p colli-
sions [31]. The coefficients α and β satisfy the con-
straint α + β = 1, and their values control the degree
of thermalization of charm quarks. The perturbative
limit and thermal equilibrium limit correspond respec-
tively to (α, β) = (0, 1) and (α, β) = (1, 0). Consid-
ering the continuous thermalization of charm quarks
and sequential coalescence of charmed hadrons, we take
(α, β) = (0.4, 0.6) for D+s , (0.5, 0.5) for D
0, D∗+s , D
∗0
and D∗+, and (0.6, 0.4) for Λc, Σc, Ξc and Ωc.
The charm quark density in coordinate space ρc(x)
is a superposition of p+p collisions [32],
ρc(xi) = r(τ)TA(x
T
i )TB(x
T
i − b)
cosh η
τ
dσcc¯pp
dη
, (4)
where TA and TB are thickness functions of the two
colliding nuclei [33], b is the impact parameter of the
collision, and the rapidity distribution of charm quarks
in p+p collisions is taken as dσcc¯pp/dη = 340 µb at RHIC
energy [34] and 1.2 mb at LHC energy [35]. The frac-
tion r(τ) describes the charm conservation during the
sequential coalescence,
r(τ) =

1 τ ≤ τD+s
(Nc −ND+s )/Nc τD+s < τ ≤ τD0
(Nc −ND)/Nc τ > τD0
(5)
where ND = ND+s +ND0 +ND∗+s +ND∗0 +ND∗+ is the
total D meson number. In usual coalescence models,
all the charmed hadrons are simultaneously produced
at the phase boundary, it is then difficult to distinguish
the charm fractions for different charmed hadrons. To
simplify the calculation, we did not consider here the
coalescence for doubly and triply charmed hadrons,
since their production is much weaker than the singly
charmed hadrons.
To compare our calculation with the prompt data
measured in heavy ion collisions, we should consider
the decay from excited states to the ground state af-
ter the sequential coalescence ceases. From the exper-
imental data in p+p collisions [36], the decay contri-
bution to D0 includes 100% of D∗0 and 68% of D∗+,
and the decay to D+s comes only from 100% of D
∗+
s .
For charmed baryons, all the excited states decay to
the ground state. As a result, 92% of Λcs is produced
through the excited state decay [3].
Now we start our numerical calculation of charmed
hadrons in the frame of sequential coalescence with
charm conservation. The calculated transverse momen-
tum spectra for prompt D0 and D+s and the compari-
son with the RHIC data are shown in Fig.2. The dif-
ference in the coalescence time (τD+s < τD0) and the
resulted difference in the degree of thermalization of
charm quarks (α = 0.4 for D+s and 0.5 for D
0) between
D+s and D
0 explain well the experimental data.
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FIG. 2: The transverse momentum distributions of prompt
D0 (left) and D+s (right) in Au+Au collisions at RHIC en-
ergy. The lines are our sequential coalescence calculations
and the data are from STAR Collaboration [37, 38].
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FIG. 3: The yield ratio D+s /D
0 at RHIC (left) and LHC
(right) energies. The experimental data in A+A and p+p
collisions are from STAR [11] and ALICE [12, 39] Collabo-
rations, the dotted line is the PYTHIA simulation for p+p
collisions [11], and the solid and dashed lines are respec-
tively our sequential and simultaneous coalescence calcula-
tions with centrality 10 − 40% at RHIC and 0 − 10% at
LHC.
To see clearly the effect of charm conservation, we
show in Fig.3 the calculated yield ratio D+s /D
0. In
comparison with the p+p collisions (PYTHIA simula-
tion at RHIC and data at LHC), the ratio in A+A col-
lisions is significantly enhanced. The first idea coming
to our mind for this enhancement is the Ds enhance-
ment due to the strangeness enhancement in quark
matter. For instance, the ratio at RHIC can increase
from the PYTHIA value ∼ 0.15 to 0.2− 0.3 due to the
strangeness enhancement [9]. We calculated the ratio
in two cases: One is in the sequential coalescence with
charm conservation (solid lines) and the other is with a
simultaneous coalescence with the charm fraction factor
r = 1 for all charmed hadrons (dashed lines). In the
sequential coalescence, both the strangeness enhance-
ment and the charm conservation are responsible for the
4ratio enhancement. The earlier D+s production is with
100% of charm quarks (r = 1) but the later D0 produc-
tion is with only a fraction r = (Nc−ND+s )/Nc ' 90%.
On the other hand, the charm quarks involved in the
later D0 production are more thermalized, which leads
to a shift of the D0 distribution to the lower pT region
in comparison with D+s . As a comprehensive result of
the sequential coalescence, the ratio D+s /D
0 is strongly
enhanced at intermediate pT and weakly suppressed at
low pT , in comparison with the simultaneous coales-
cence where only the strangeness enhancement is taken
into account.
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FIG. 4: The yield ratio Λ+c /D
0 at RHIC (left) and LHC
(right) energies. The experimental data in A+A and p+p
collisions are from STAR [40] and ALICE [41] collabora-
tions, the dotted line is the PYTHIA simulation for p+p
collisions [42], and the solid and dashed lines are respec-
tively our sequential and simultaneous coalescence calcula-
tions with centrality 10 − 80% at RHIC and 0 − 10% at
LHC.
We now turn to the charmed baryon production.
Fig.4 shows the yield ratio Λ+c /D
0 at RHIC and LHC
energies. Considering the difference in statistics for
two- and three-body states shown in the hadron spectra
(2), the baryon to meson ratio in A+A collisions is dra-
matically enhanced in comparison with p+p collisions
in coalescence models [14, 15]. For charmed hadron pro-
duction, however, the big difference between the charm
quark number fraction r ' 0.6 for Λc and r ' 0.9
for D0 strongly weakens the baryon to meson ratio,
see the difference between the sequential coalescence
with charm conservation (solid lines) and simultaneous
coalescence with the same fraction r = 1 for all the
charmed hadrons (dashed lines).
The bottom quark number conservation is even bet-
ter satisfied in heavy ion collisions, and the above se-
quential coalescence model can be directly extended to
bottomed hadron production. We calculated the yield
ratio B¯0s/B¯
0. Different from D+s /D
0 where the decay
contribution from the excited states to D0 is larger than
that to D+s , there is no feed down from the excited
states to B¯0s and B¯
0 via strong interaction channel,
and the electromagnetic channel can be experimentally
separated out. Therefore, the ratio B¯0s/B¯
0 is clearly
larger than the ratio D+s /D
0. Considering the fact
that bottom quarks are more difficult to be thermalized
with the medium, we use the thermalization parame-
ters (α, β) = (0.3, 0.7) for bottomed hadrons. With
bottom quark mass mb = 4.7 GeV, we obtained from
the two-body Dirac equation the dissociation tempera-
tures TB¯0s ' TD+s and TB¯0 ' TD0 and from the sequen-
tial coalescence with bottom conservation B¯0s/B¯
0 ' 1
in central Pb+Pb collisions at LHC energy .
In summary, we established a sequential coales-
cence model with charm conservation and applied it
to charmed hadron production in high energy nuclear
collisions. By solving the two-body Dirac equation for
charmed mesons and hydrodynamic equations for the
medium, the sequence of charmed hadron formation is
determined. Mesons with charm and strange quarks
are formed earlier and enhanced in yields in comparison
with those with charm and light quarks. Our results on
Ds/D
0 and Λc/D
0 are consistent with most recent ex-
perimental findings. The same argument applies read-
ily to bottomed hadrons. Due to heavier masses, the
estimated effect is found to be even stronger. These
predictions shall be tested by future experiment data.
More interestingly, our results imply that the hadron
yields depend on the mass and distributions of par-
tons understudy. The mass dependence of sequential
heavy-quark hadron formation via coalescence provides
a unique window for analyzing the quark-gluon plasma
hadronization in high energy nuclear collisions.
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